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The Quantum Echo of the Early Universe 
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Abstract: We show that the fluctuations of quantum fields as seen by late comoving observers are significantly influenced 
by the history of the early Universe, and therefore they transmit information about the nature of spacetime in timescales 
when quantum gravitational effects were non-negligible. We discuss how this may be observable even nowadays, and thus 
used to build falsifiability tests of quantum gravity theories. 

Key words: Early universe, quantum vacuum fluctuations, quantum cosmology, relativistic particle detectors. 


After more than 70 years of laborious attempts, a keystone 
of the physical understanding of the Universe still remains elu¬ 
sive: The description of the microscopic structure of space- 
time, or in other words, the formulation of a complete theory 
of quantum gravity. In order to test whether a particular quan¬ 
tum gravity theory may be correct, we need to make falsifiable 
predictions, and thus we need experimental evidence of quan¬ 
tum gravity effects so we can compare theory and observations. 
This poses a serious challenge as to detect these effects we 
might need to go all the way down to the Planck scale, which is 
out of reach of any earthbound experiment. Fortunately, there 
is a window to quantum gravitational effects that is becoming 
more and more accessible. This window is cosmology, and in 
particular the possible evidence of early Universe physics that 
might have been imprinted onto the cosmic microwave back¬ 
ground (CMB). 

We live exciting times for the field of cosmology. Very re¬ 
cently the BICEP2 experiment has reported results on how B- 
modes, which may have originated on primordial gravitational 
waves (See, e.g. [1,2, 3]), affected the polarization of the CMB 
[4, 5], Although doubts have been cast about the primordial 
origin of the B-modes reported to be found in [4], primordial 
gravitational waves are fluctuations of the geometry, so these 
experiments may pave the way to exploring quantum gravity 
effects in the near future. 

In this context a natural question arises: have quantum grav¬ 
ity signatures really survived from the early Universe until the 
current era? If so, how strong are they? Will we be able to vali- 
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date (or falsify) different quantum gravity proposals by looking 
at the data? In this essay we explore a simple way, based on a 
toy model, to assess the strength of the quantum signatures of 
the early Universe that might be observed nowadays. 

Our approach consists of determining the response of an ide¬ 
alized particle detector which has remained coupled to matter 
fields from the early stages of the Universe until today. We 
pose the question whether this detector would conserve any 
information from the time when it witnessed the very early 
Universe dynamics. Let us reflect for a second upon the com¬ 
parison of these two outrageously different timescales: Plank 
time and the age of the Universe. Intuitively, one would think 
that any effect imprinted on the response of the detector in the 
early Universe would most likely have been already washed 
out, and hence there is little hope in finding any trace of early 
Universe physics in the response of the particle detector today. 
Surprisingly this intuition is wrong. 

To show this, we compare the response of the detector evolv¬ 
ing under two different Universe dynamics which disagree only 
during the short time when matter-energy densities are of the 
order of the Planck scale. As a convenient first example, we 
choose to compare classical General Relativity (GR) with ef¬ 
fective Loop Quantum Cosmology (LQC) [6, 7, 8], We con¬ 
sider a spatially flat, homogeneous and isotropic Universe, 
ds 2 = a(t)[— dr/(t) 2 +dx 2 ], with a massless scalar <p as matter 
source. The scale factor for each dynamics reads [9] 
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and the conformal time rj in terms of the comoving time t is 
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Here, l v = \/1 2irC is the Planck length, tt p is the momen¬ 
tum conjugate to ip and is a constant of motion, l is a quan¬ 
tization parameter (in LQC the volume has a discrete spec¬ 
trum equally spaced by 2 1 3 units) [7, 8], and 2 F j is an ordinary 
hypergeometric function. For simplicity we consider a three- 
torus spatial topology, with coordinates in the interval [0, L\. 
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Fig. 1. Scale factor as a function of the proper time for 1 = 1, 
tt v = 1000. The dashed blue curve represents the classical scale 
factor aaR{t)L and the solid red curve corresponds to the LQC 
effective scale factor a,LQc(t)L. All quantities are expressed in 
Planck units, i.e. i P = 1. 



For compactification scales larger than the observable Uni¬ 
verse, this flat topology is compatible with observations [ 10 ], 
The classical GR solution, acR(t) = lim;_>o a^Qc{t), dis¬ 
plays a big-bang singularity at t = 0. In contrast, etLQc(f) never 
vanishes (see Fig. 1). LQC replaces this singularity by a big- 
bounce, i.e., the Universe shrinks for t < 0, bounces at t = 0, 
and expands for t > 0. In the limit t l 3 /if ??LQc(f) -A 

i 2 l^tt r (——} 

Vgr (f) + P with p = ^10)1/62r(f) - We consider a confor¬ 
mal massless scalar field </> filling the Universe. We quantize 
this field choosing the conformal vacuum, which remains in¬ 
variant as the Universe expands [11, 12]. The proper time of 
comoving observers (who see an isotropic expansion) does not 
coincide with the conformal time. Hence, comoving detectors 
actually detect particles even in the conformal vacuum [ 11 ], 
This is the well-known Gibbons-Hawking effect [13], which 
we analyze to identify signatures of quantum gravitational ef¬ 
fects on the particle detector. The Unruh-DeWitt model [14] 
describes the local monopole interaction of a two-level quan¬ 
tum system with a scalar field [15, 11, 16, 17]. Although sim¬ 
ple, this model encompasses the fundamental features of the 
radiation-matter interaction [18, 19], We consider an Unruh- 
DeWitt detector stationary in the comoving frame, x(t) = Xq, 
and initially in its ground state. The Hamiltonian of the coupled 
system in the interaction picture is Hj(t ) = A x(t)(er + e* 0< + 
a~e~ int )4>[x(t),r](t)], where A is the coupling strength, x(t) 
is the detector’s switching function, which we choose to be an¬ 
alytic. [x(t), 77 (f)] represents the detector’s world-line, fl is its 
energy gap, and are SU(2) ladder operators. Assuming a 
small enough A, we can compute the transition probabilities for 
the detector switched on at T 0 to be excited at time T within 
perturbation theory: 
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Here, uj n = ^ |n|, and n = (n x ,n y , n z ) £ Z 3 . We now com¬ 


pare the probability of the detector to get excited when the Uni¬ 
verse evolves under both dynamics, P e L<3C (T 0 , T), and P GR (T 0 , T): 
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T m £ (T 0 , T) is a short time sufficiently large for r?LQc(7 1 in) ~ 
VGR(T m ) + P, typically few times l 3 /ip, used to split the inte¬ 
grals [ 6 ] into two intervals: a tiny interval t £ [To, T m \ (compa¬ 
rable to the Planck scale) where LQC and GR appreciably pre¬ 
dict different dynamics; and t £ [T m , 7’] where both dynamics 
are essentially the same. The first shocking observation is that 
the difference of the detector’s particle counting in both sce¬ 
narios, AP e (Tbj T), will be considerable, even for T l 3 /ip, 
that is, if we look at the detector nowadays. 

Let us study how sensitive the response of the detector is to 
the LQC quantum parameter l that characterizes the quantum 
of volume. With this aim we use as estimator the mean relative 
difference between probabilities of excitation averaged over a 
long interval in the late time regime AT = T — Ti ate , with 
AT, T Iate » l 3 /if. 
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This estimator tells us the difference in magnitude between the 
number of clicks of the detector in the GR and LQC back¬ 
grounds. The internal averages in [ 8 ] are given by 


[9] 
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where T » 1 3 /£ 2 p is the time resolution with which we can 
probe the detector. This is so because it is not possible to re¬ 
solve times as small as l 3 /£ 2 (roughly, the Planck scale), so any 
observation made on particle detectors today will necessarily 
be averaged over many Planck times. Moreover, in order to re¬ 
move any possible spurious effects of the big differences in the 
scales of the problem, we will consider a particle detector with 
a subplanckian energy gap <C £ 2 /l 3 . One may legitimately 
wonder if these practical considerations may destroy the early 
Universe signal. Indeed, these constraints partially erase the 
observable difference between the response of the detector in 
the two scenarios. 

Remarkably, the difference between the long time averaged 
response of highly sub-Planckian detectors in the GR and LQC 
scenarios [ 8 ] remains non-negligible even under these coarse- 
graining conditions. As shown in Fig. 2, the variation of the 
response of the detector (the intensity of Gibbons-Hawking- 
type quantum fluctuations) grows exponentially with the size 
of the quantum of length l. This exponential trend does not 
depend on the timescale of the detector’s activation or the na¬ 
ture of the switching function [9]. In consequence, l cannot be 
much beyond the Planck scale or the effects would be too large 
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Fig. 2. Logarithmic plot of the relative difference of the averaged 
probabilities, E, as a function of the parameter l, for LI £p/l 3 
and ir v = 1000. The detector is switched on at To = 0.01 (some 
early time after the bounce). The variation of the response of 
the detector (the intensity of Gibbons-Hawking type quantum 
fluctuations) grows exponentially with 1. 
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nowadays. This suggests that cosmological observations could 
put stringent upper bounds to the size of the quantum of vol¬ 
ume in LQC or, equivalently, to the time scale T m when the 
quantum dynamics corrections become negligible. 

Although this is a toy model, it captures the essence of a key 
phenomenon: Quantum field fluctuations are extremely sensi¬ 
tive to the physics of the early Universe. More importantly, the 
signatures of these fluctuations survive in the current era. 

We would like to emphasize that the use of LQC in this 
derivation is anecdotical, we assert that our result is far more 
general: We use LQC as a convenient example of early Uni¬ 
verse dynamics different from GR. One would expect that in 
the early Universe, even if a quantum gravity theory predicts 
that there is no such thing as spacetime geometry near the 
Plank scale, there will be intermediate energy scales where a 
semi-classical theory is applicable, producing effective quan¬ 
tum corrections to the Friedmann equations. This will predict, 
for a short time, a spacetime dynamics which deviates from GR 
through quantum corrections. Our main result prevails: The re¬ 
sponse of a particle detector today carries the imprint of the 
specific dynamics of the spacetime in the early Universe. 

Current research derived from these results aims towards ex¬ 
tending this methodology to further explore the window opened 
by the combination of cosmology and quantum information, 
to study the possibility of optimal transmission and recovery 
of information propagated through cosmological catastrophes, 
such as the big-bang, inflation or a quantum bounce. 
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